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SUMMARY

This memorandum is Iintended as an introductory review of tactical
satellite ground terminals in service with UK and XNATQ forces, Manv
of these equipments have derived from the RSRE research program~e and
current activities under this programme are included in the review, A
background to the military space segment available to the UK, US and
NATO provides a relevant perspective to the tactical terwinal
prograrme and future trends in space and ground segrent hardware
conclude the memorandum,
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Tactical UK Military Satellite Ground Terminals -

A Research and Development Review

Features of satellite communications (satcoms),
particularly appropriate to a military role in-
clude the ability to communicate, worldwide, over
long or short ranges irrespective of natural
ionospheric variations, with no dependence on an
existing communications infrastructure, and the
ability to establish communications within minutes
of a small tactical terminal arriving in location.
Unlike their civilian counterparts, military
ground terminals may also have to contend with an
intentionally hostile electromagnetic environment,
at the onset of jamming, and be regquired to mini-
mise their risk of detection through intercepticn
of the uplink carrier. The military satellite
system in which the terminals operate must respond
flexibly to the rapidly changing requirements of
users whose priorities and traffic rates must
adapt to meet operational needs. Before reviewing
the state of small military ground terminals a
relevant perspective can be achieved through an
outline of the space segment resources available
to the United Kingdom, United States and NATO in

the military satellite frequency bands.

1. Military Space Segment




The first experiment in space communication, using
the moon to reflect signals at 112 MHz, was con-
ducted by the US Army Signal Corps under Project
Dianna - an ancient moon goddess - in January
1946. Microwave "moon bounce" experiments con-
tinued in the late 1950’s and early 1960’s, in
both the United States and the United Kingdom!l.
In June 1964 experiments where performed by the
Signals Research and Development Establishment
(SRDE) and the Royal Radar Establishhent (RRE) ,
{now merged to form the Royal Signals and Radar
Establishment (RSRE)] in which 800 bit/s com-
munication at a bit error of better than 1 in 10°%
was achieved using 16 level FSK modulation of a
2.624 GHz carrier. Five-fold frequency diversity,
to overcome fading and the spread of echoing
depth, was employed and data rates upto 9.6 kbit/s
were predicted between 12.2m (40 ft) ground sta-

tions.

SPUTNIK 1, 1launched in October 1957, was the
earth’s first artificial satellite and was soon
followed by other sub-synchronous SPUTNIK satel-
lites and by the US EXPLORER, SCORE (1958) and
COURIER (1960) satellitesz. In less than a decade
after the launch of SPUTNIK 1 the basis of todays
civil satellite systems was being established
through the geostationary INTELSAT 1, Early Bird

(1965) and INTELSAT 2 (1966-1967) series satel-
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lites. The corresponding military milestone in
space communications at this time was represented
by the Titan IIIC launch, on the 16 June 1966, of
the first batch of six Interim Defence Communica-
tions Satellite Program (IDCSP) satellites into a
sub-synchronous orbit with an orbital period of
between 22 and 23 hours. In this orbit the satel-
lite, tracked by the ground stations, drifted with
respect to the earth at an average rate of ap-
proximately 1 degree per hour. on the 18 June
1966 a transatlantic link was established between
12.2m stations at SRDE Christchurch in the United
Kingdom and the US Army Satcom Agency at Fort Mon-
mouth, New Jersey, usa3. Five tactical quality
speech circuits could be supported simultaneously
between the large ground stations?. Each IDCSP
satellite weighed approximately 37 kg and used a
single omni-directional antenna fed from a 3 W
Travelling Wave Tube Amplifier (TWTA). Twenty six

IDCSP satellites were launched.

The UK military space programme developed in the
7/8 GHz SHF frequency band with the SKYNET satel-
lites and that of the US with the 7/8 GHz DSCS and
UHF FLTSATCOM systems, both preceded by a number
of experimental satellites (LES) developed by the
Lincoln Laboratories.

1.1 SKYNET




The UK SKYNET I satellite, built by Philco Ford
and launched from a Thor Delta rocket on 21 Novem-
ber 1969, was the world’s first geostationary
defence satellite. Its single antenna, despun
from the spin-stabilised body of the satellite,
provided earth coverage and the 3 W output from
the hard-limiting transponder was divided between
2 MHz and 20 MHz channels. SKYNET IIB was
launched on-board a Thor Delta vehicle on the 20
November 1974. It was a larger satellite than
SKYNET I (250 kg orbit mass compared with 122 kg
for SKYNET I) and the communications payload,
built by Marconi Space and Defence Systems, used a
16 W TWTA to feed a single earth cover antenna.
The transponder of SKYNET IIB is still operating
and the satellite is still used for R&D purposes

14 years after its launch.

The emphasis of the UK Defence Review in 1974 was
a lessening of worldwide strategic commitments,
especially East of Suez. A conseguence of this
was the cancellation of the SKYNET 1II programme,
seen predominantly as a strategic resource, on the
grounds that the UK’s requirement for satellite
communications could be more cost-effectively met
through joining the US DOD and NATO programmes.
However, an increasing awareness of the role of
small aperture, low data rate terminals for ship-

borne use and tactical land use, together with in-
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creasing pressure on available US and NATO
resources, was responsible for the decision in

1981 to revive the SKYNET programme with SKYNET 4.

Unlike SKYNET I and 1II, SKYNET 4 is 3-axis
stablised; based on the British Aerospace European
Communications Satellite (ECS) bus and with a Mar-
coni Space Systems communications payloads. The
majority of the communications capacity is at 7/8
GHz (SHF) with three 40 W TWTAs providing four
channels with a total bandwidth of 340 MHz.
SKYNET 4 has been designed to accommodate the re-
quirements of all three armed services. The con-
sequent necessary flexibility to meet this range
of user requirements in terms of satellite EIRP,
data rate, access schemes and response to jamming
is achieved through a selection of antenna
coverage, channel gain setting and detailed,

flexible access planning.

A spot beam uplink antenna, specifically in sup-
port of small aperture terminals, is included in
addition to an earth cover uplink horn. Downlink
antenna options provide four coverage areas from
whole earth to spot beam. Two earth cover UHF
(250/300 MHz) channels are available and an ex-
perimental EHF (44 GHz) receiver, initially funded
by RSRE to enable early experience of the future

EHF band is also included. The first SKYNET 4 was
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launched into geostationary transfer orbit, aboard
Arianne IV, on 10 Dec 1988 and the two remaining
launches planned f»r Stage 1 of SKYNET 4 are due
in 1989 and 1990. The SKYNET 4, Stage 2 and
SKYNET 5 programmes are likely to show an increase
in the exploitation of the EHF (20/44 GHz) fre-
guency bands as a means of increasing the sur-
vivability of communications in the presence of
uplink jamming and of reducing the vulnerability
of small terminal uplinks to terrestrial inter-
cept. At this early stage, the continuation of
the more vulnerable UHF band into the SKYNET &
programme is by no means certain. Although UHF is
very attractive from the point of view of the
small aperture ground terrinal user, the as-
sociated, dis-proportionate implications on the
satellite weight, volume and fuel, in comparison
to the SHF and EHF payloads and the narrower
available bandwidth, result in a high cost per

circuit through the satellite.

1.2 DsCs

The US Defence Satellite Communications System
(DSCS) programme started with the IDCSP and con-
tinued with the spin-stabilised DSCS II satellites
the first of which was launched into a
synchronous, near equatorial orbit into 1971. The

early DSCS II satellites each deployed two simul-
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taneously active 20 W TWTAs divided between four
channels, configured with combinations of SHF
earth cover and narrow cover antennas on the
uplink and downlink. <“he transponder output power
of the later satellites was increased tc 40 W and
one of the narrow cover antennas on each was
defocussed to achieve a wider, area cover,
footprint on the earth. The narrow cover and area
cover uplinks are particularly suitable for the
deployment of small aperture SHF ground terminals.
The requirements of a military satellite system to
provide high gain uplink antennas, thus enabling
small highly mobile terminals to be deployed, with
simultaneously, ho constraint on the geographical
area of operation, has influenced the design of

the DSCS II1 satellites3/®,

The first DSCS III was launched in October 1982.
It is a 3-axis stabilised satellite with six SHF
channels (two 40 W and four 10 W) giving a total
bandwidth of 375 MHz and 1 UHF channel which can
be configured with an SHF uplink or downlink when
necessary. The SHF channels can be connected to a
gimballed, spot cover downlink dish antenna, earth
cover antennas or 19-element or 6l-element multi-
beam antennas (MBA). The MBAs, two 19-element on
transmit and the 6l-element on receive, are
capable of forming high gain uplink and downlink

spots in areas of operation and of discriminating,




through steerable nulls in the antenna pattern,
against interference or jamming signals from ad-
jacent areas. The principle tactical user of the

DSCS system is the US Ground Mobile Force (GMF).

1.3 FLTSATCOM

The majority of the US Navy Satellite Communica-
tions are via the Fleet Satellite Communications
(FLTSATCOM) system. Four operational satellites,
built by TRW, provide global coverage in the
250/300 MHz region of the spectrum7. The
transponders are divided into 23 channels: 25 KkHz
wide for US Navy use; 5 kHz for the US Airforce
and a single 500 kHz channel, capacity being
shared between users through time division mul-
tiple access schemes. Tactical UHF ground ter-
minals providing vocoded speech communications at
2.4 kbit/s, or high speed data transmission, can
be small, light and relatively low cost. This
fact together with the established UHF infrastruc-
ture seems likely to secure the future of the US
UHF satellite communications programme to beyund
the year 2000 through a new generation of eight US
Navy satellites®: 9, each with a total of 39 chan-
nels. An experimental EHF package (FEP) aboard a
FLTSATCOM Satellite will enable some aspects of

alo

44/20 GHz communications to be assesse prior to

the launch of the EHF MILSTAR satellitesll,
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1.4 NATO

The earliest NATO satellites, 1A launched in 1970
and 1B launched in 1971, were similar to SKYNET I.
The single antenna provided a slightly narrower
beamwidth than SKYNET I and enabled communication

between NATO ground stations in the US and Europe.

The current NATO III space segment is based on
four Ford Aerospace, spin stabilised satellites,
launched between 1976 and 1984, providing com-
munication between 21 fixed ground terminals and
several 1large transportable and mnbile
terminalsl?. The contract to supply NATO IV
satellites has been awarded to British

Aerospacel3.

The satellites will be heavily based
on the UK SKYNET 4, ensuring interoperability and
increasing shared resources in the event of
failure. NATO also are planning future exploita-

tion of the EHF military satcom frequency bands at

44 GHz and 20 GHz.
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1.5 SYRACUSE4

The French 7/8 GHz military satellite systenm,
SYRACUSE, consists of two 40 MHz bandwidth
transponders, connected to two circularly
polarised earth cover antennas, installed on the
Telecom 1 commercial satellite. The next genera-
tion of SYRACUSE is planned for a 1991 launch
aboard Ariane IV, as a payload on the Matra Espace
Telecom 2 satellitel®. The principle users of the
SYRACUSE system are fixed and land mobile ter-

minals plus some shipborne terminals.

As an introduction to the subject of small aper-
ture military satellite ground terminals, the
background on the supporting space segment can
only be superficial?. References 16 and 17 provide
a more detailed discussion on the threat faced by
a military satellite system and the counter-
measures available within the space and ground

segment design.
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2. Introduction to the Military Ground Segment

In military terminology, a "tactical" Satellite
Ground Terminal (SGT) is frequently defined as one
having an antenna diameter of less than 2 m. A
more rigorous definition of what constitutes a
"tactical" equipment has of course, to be made in
the context of the particular role for which the
equipment is procured and the degree of covertness
and flexibility required. However, the majority
of the equipment described in the remainder of
this memorandum will employ smaller antennas
than 2 m. The majority of the equipment will also

be land based.

Historically however, the first small aperture SHF
military terminal to enter service with the United
Kingdom forces was developed for ship-borne use by
the Royal Navy. The SCOT 1 terminall® came into
service in 1972 following prototype development by
the Admiralty Research Establishmentl?, Using one
of two fully stabilised 1.06 m diameter dishes
(one either side of the ship to minimise the ef-
fect of blockage by the ship’s superstructure) two
telegraph communications channels could be sup-
ported via SKYNET 1. The 1.83 m antenna of the

SCOT 2 terminal, introduced into service in 1980,

provides one speech and three telegraph channels.

13




A SCOT enhancement programme has improved the SCOT
1 terminal G/T to 11 dBK~ 1 and resulted in greater

frequency flexibility for all SCOT equipment 20,

A small aperture terminal operating in the SHF
military band has also been developed for air-
bourne use in the UK Maritime Reconnaissance Nim-
rod. Details of the terminal design and perfor-

mance are at references [21] and [22].

3. Background to Small Aperture Land based

Terminal Developments in the United Kingdom

At the 1967 Paris Air Show a mobile SGT based on a
Land Rover and trailer was demonstrated providing
a telegraph circuit, via an IDCSP satellite, to a
fixed SGT at SRDE Christchurch. The mobile ter-

minal, known as IDEX}®

is shown at figure 1.

The transmitter power was derived from an air
cooled, fixed tune 1 kW klystron adjacent to the
trailer-mounted, front-fed 2 m dish antenna. The
regquirement for 1 kW uplink power from IDEX was a
consequence of the low antenna gain of the IDCSP
satellite (only the final IDCSP - DSCS I employed
a despun earth cover antenna). The overall
receiver noise temperature of IDEX was 300 degkK

achieved through the use of a 38 GHz klystron
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pumped, uncooled parametric amplifier and an 8
level frequency shift keyed (FSK) modulation

scheme was employed at 50 bit/s.

Following IDEX a series of prototype Land Rover-
based and transportable SGTs were developed by
SRDE for use over SKYNET 1 and SKYNET 2. In March
1976 a transportable terminal was demonstrated to
the Institute of Electrical Engineers (IEE) in
London as part of an IEE "Centenary of the
Telephone" exhibition*. The terminal comprised a
single 1 m high equipment rack with separate up
and downconverters, alternative 16 kbit/s binary
phase shift keyed (BPSK) speech or 50 bit/s binary
FSK telegraph modems and a dual waveguide run to a
one-piece front-fed antenna. The 1.8 m antenna
was automatically cycled in elevation, throughout
a 24 hour period, to compensate for North/South
satellite movement resulting from a satellite or-
bital inclination of up to + 5 deg: thus maintain-
ing the satellite within the 1.2 deg antenna beam-

width.

* NOTE: Conference Digest is No. 76/16 dated
10 March 1976 but contains no reference

to the satcom demonstration.
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By 1978 the prototype terminal had been
redeveloped and reduced in height to approximately
600 mm by combining the upconverter, downcon-
verter, waveguide filters and combiners into two
units which, with the 20 W TWTA and speech modem,
comprised the radio unit shown in figure 2. A
single run of flexible waveguide from the equip-
ment in the figure to a 1.7 m diameter, segmented
splash plate fed antenna completed the most basic

version of the terminal.

The terminal was deployed either in the air
transportable frame shown in figure 2 or, out of
the frame, in the rear of a Land Rover. In an air
transportable role, a separate rack carried a
speech crypto and a further rack contained a
duplex 50 bit/s BPSK telegraph modem, a pair of
telegraph cryptos and a teleprinter. The terminal
was built as a laboratory prototype to demonstrate
the feasibility of a small, highly mobile equip-
ment capable of providing good quality secure and
reliable communications over ranges previously
only tactically viable through HF. However, the
prototype was in great demand for participation in
exercises in the United Kingdom and Germany as
well as providing the communications between Zim-
babwe and the United Kingdom throughout the 3

months transitional period of direct British rule

16




leading up to independence in February 1980 and
from Lusaka during the 1979 Commonwealth Prime

Minister’s Conference.

The origin of the military requirements which 1led
to todays medium sized SHF tactical terminals, in
service with the United Kingdom and NATC Forces,
the TSC 502 and VSC 501, can be directly linked to
the concept successfully demonstrated through the
reliable and flexible performance of the prototype
equipment in figure 2 and to the support provided
by civilian and army RSRE personnel during its

deployments.

4. UK TSC 502 (Fig 3)

The earliest tactical SHF satellite ground ter-
minal to enter service with the British Army, was
a containerised, transportable terminal designated
the TSC 502 and introduced in 19802°. The ter-
minal, built by RACAL SES (now RACAL Communica-
tions Ltd) has a 1.7 m segmented antenna, a 60 W
TWTA, giving an EIRP of 86 dBm, and G/T of 12
dBk™1. The terminal, including teleprinters,
crypto, generator and spares is contained in a
maximum of seven air transportable containers. As
originally deployed the equipment provided simul-
taneous 16 kbit/s speech and 50 bit/s telegraph

channels in addition to a 2 MHz spread spectrum

17
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mode, originally intended to enable multiple user
access to the 2 MHz channel of SKYNET II. Con-
figurations deployed since the introduction of the
TSC 502 have provided a capability for two simul-
taneous 16 Kbit/s speech channels or multiple 2.4

kbit/s and telegraph channels.

5. UK VSC 501 (Fig 4)

This is self-contained SGT built by RACAL Com-~
munications Ltd and based on a Land Rover and
trailer. It produces an EIRP of up to 89 dBm
through power combining the output of two 60 W
TWTAs and an overall terminal G/T of 12 aBk~?! is
achieved when the 1.9 m segmented, quadrupod

antenna23

is connected to the vehicle by up to 3 m
of flexible waveguide. Remote operation up to
10 m is possible with an associated reduction in
G/T to 9.5 dBK™1. Both the 60 W TWTA development
and the low noise amplifier development were spon-
sored by RSRE, with funding from the Ministry of
Defence Directorate of Components and Valve
Development (DCVD), specifically for the VSC 501
programme. For both items, developed by English
Electric Valve cCompany (EEV) and Ferranti
Microwave Division respectively, there was an

emphasis on

18




maximising efficiency and providing components
sufficiently rugged to meet a military environmen-
tal specification.

The VSC 501 can be powered either from dedicated
radio batteries, charged from the vehicle charging
system, a mains power unit or a DC generator
carried, along with spares, fuel and antenna com-
ponents, in the trailer. One modem in the vehicle
will provide an aggregate data rate approaching 20
kbit/s which can comprise combinations of 16
kbit/s, 2.4 kbit/s and telegraph channels. A
separate modem, VSC 330, enables frequency hopped
spread spectrum communication at rates down to a
few bits per second under Jjamming conditions.
Both the UK/VSC 501, described above and a NATO
variant, in which only the VSC 330 modem is used,

entered service during 1988.

In the ten years between the completion of the
RSRE prototype equipment shown at figure 2 and the
entry into service of the VSC 501, the concept of
a Land Rover based terminal and related develop-
ments have formed a continuing part of the RSRE

research programme.
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6. Prototype, Vehicle-based SGTs

Two prototype terminals based on a fitted for
radio (FFR) Land Rover were built by RACAL SES as
part of an RSRE research contract between 1978 and
1980. The maximum EIRP and G/T of these terminals
was B6 dBm and 12 dBK™! respectively via a 1.7 m
segmented antenna developed from an RSRE prototype
by British Aerospacezo. Both provided simul-
taneous 16 kbit/s speech and telegraph communica-
tions: initially using the 50 bit/s BPSK telegraph
modem deployed with the equipment in figure 2 and
subsequently using the 50 bit/s telegraph moden
developed for the UK TSC 502. The later imposed
BPSK modulation on the carrier at 300 bit/s to
ease the close to carrier phase noise specifica-
tion of oscillators within the equipment. The
earliest of these prototypes was deployed in Zim-
babwe in 1980 and both have been extensively
evaluated and demonstrated in the United Kingdom,
NATO, Cyprus and Saudi Arabia - profoundly in-
fluencing the detailed concept of the UK and NATO

VSC 501 egquipments.

The use of the Land Rover 16 kbit/s circuit to
carry monochrome slow-scan television imagery,
rather than speech, has been demonstrated by RSRE
through a pair of laboratory built video codecs?4.

These codecs display a 128 x 128 pixel image con-

20




taining 16 shades of grey, refreshed every 4
seconds. In an alternative, conditional
replenishment mode, only pixels whose grey level
has changed are transmitted. Hence small changing
areas of the scene are represented as near real
time movement at the receiver. An RSRE research
contract with W Vinten Ltd has successfully
developed a pair of codecs capable of 256 x 256
pixel resolution at 64 grey shades using DPCM
coding. Conditional replenishment is retained and
error protection, to ensure a good line and frame
synchronisation, has been incorporated. Figure 5
shows the received image over a satellite link

with a 1 in 10% bit error rate.

A pair of similar terminals to the RACAL SGTs were
developed, under Company funding, by Marconi
Defence Systems and designated MARMOSETZ0. The
microwave performance of MARMOSET was virtually
identical to the Racal prototypes - using the same
design of EEV 60 W TWTA - but MARMOSET used a pair
of identical multi-rate modems (50, 75, 2400,
16000 bit/s) to provide combinations of simul-
taneous speech or telegraph accesses separated by
48 kHz. A 2 MHz spread spectrum mode was also

available for compatibility with the UK TSC 502.
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Frequency converting the output of existing, non-
satcom, military radio equipment to operate in the
SHF satellite band was demonstrated by RSRE in
1982 using a simplex VHF vehicle radio?®, the
Clansman UK/VRC 353 and a laboratory built adap-
tor. (Fig 6a, 6b). The output from a standard
radio was mixed in the adaptor with a frequency
tunable, phase locked signal and used to feed a 20
W TWTA and a 1.7 m segmented antenna. In the
receive mode the same microwave source provided
the 1local oscillator for downconversion to the
radio input frequency. Coarse frequency tunina
over the majority of the 7.9 to 8.4 GHz transmit
band and 7.25 to 7.75 GHz receive band was
achieved using the microwave source with fine
tuning from the VHF radio. Since direct small
terminal to small terminal communications are
achieveable within the narrow/area cover satellite
antenna footprint of DSCS 11 or within the spot
beam of SKYNET 4, a number of Clansman adaptor
terminals can operate an all informed net - iden-
tical to a conventional VHF net -~ whilst occupying
a single frequency allocation on the satellite.
Use of familiar VHF and baseband hardware, such as
the crypto and telegraph adaptor, provided the ad-
vantages of established operating and maintenance
procedures as well as reducing the overall cost of

the SGT. The VHF radio satcom adaptor has been

2
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further developed under company funding by the
Microwave Division of Ferranti Computer Systems

Lta.

Prototype adaptors have also been built and
evaluated at RSRE to interface with the radio
relay equipment of the Ptarmigan trunk system.
These duplex adaptors convert the UHF radio relay
bearer to the SHF band and, when used with 3 m or
3.7 m antennas, provide adeguate link margin for
good quality 256 kbit/s or 512 kbit/s satellite
communications, via SKYNET or DSCS, overlaying the

area communications system.

7. Satellite Communications to a Moving Vehicle

A capability for a Land Rover-based SGT, such as
the VSC 501, MARMOSET or the RSRE prototype ter-
minal, to communicate under uplink jamming condi-
tions is provided through the VSC 330 frequency
hopping, spread spectrum modem. Under non-jamming
conditions, low data rate operation of this modem
has been exploited to enable telegraph communica-
tions between the mobile SGT and a fixed SGT. 1In
terms of the satellite link budget equation, the
typical 40 dB gain of the segmented fixed antenna

is replaced by a lower mobile antenna gain and,
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with a change of Eb/No value appropriate to the
VSC 330 modem, a corresponding reduction in link

data rate results.

Following the success of initial experiments at
RSRE in which a monopole, and later bicone an-
tenna, were used to provide duplex communications
at a few bits per second via SKYNET I, a non-
steerable, torroidal beam antenna was developed

26, A dielectric

for RSRE by British Aerospace
radiating element, using the vehicle roof as a
ground plane, produces an omni-directional pattern
in azimuth and a 1 dB beamwidth in elevation of
typically 45 degrees, which includes the angle
subtended by the geostationary satellite, from the
area of operation, and a tolerance for vehicle
pitch and roll angles. The polariser and
diplexer, shown in fig 7, are below the vehicle
roof line and a 150 mm diameter, hemispherical
radome results in a low prefile installation. A
gain of 4.5 dBi enables duplex ccmmunications be-
tween mobile and fixed SGTs at 16 bit/s whilst the
vehicle is travelling at speeds of up to 50 mph
(80 km/h) over metalled roads. The effects of
doppler frequency shift and signal multipath can

be accommodated within the VSC 330 moden.
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To provide a higher data rate, a more directional
antenna than the non-steerable torroidal beam an-
tenna is regquired. An antenna to enable duplex
2.4 kbit/s communications has been developed and
evaluated for RSRE by ERA%7 in conjunction with
Ferranti Instrumentation 1Ltad. The "“breadboard"
model of the steerable antenna is shown in figure
8a and 8b. It is based on a hemispherical
Luneberg lens, backed by a plain reflector, with a
secondary reflector providing beam steering in
elevation. Azimuth scanning is achieved by rotat-
ing the lens plus secondary reflector about a ver-
tical axis through the centre of the lens.
Measurements on the "breadboard" antenna and a
guantitative radome design indicate a boresight
gain in excess of 20 dB will be achieved in a
radome height below 300 mm. Installation and tri-
alling of a prototype antenna in an RSRE Land

Rover SGT is anticipated during 1989.

8. SHF Manpack Development

The potential for a compact, light-weight SGT for
deployment with a small highly mobile patrol was
realised in the UK in the mid-1970s. By mid 1978
an SHF SGT, capable of being carried and deployed
by one man and providing duplex 50 bits/s
telegraph communications with a large, fixed SGT

via SKYNET IIB, was demonstrated by RSRE. The
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first eguipment is illustrated and fully described
in reference ([28]). Powered from a 24 V, 4 Ahr
rechargeable battery, the first Manpack was
capable of providing 4 hours of duplex telegraph
communications using a 2 W TWTA with an overall
dc-rf efficiency of 20%. A second fixed frequency
prototype, operating in the narrow/area coverage
channel of DSCS II used a smaller, but less effi-
cient (10%) gallium arsenide 2 W amplifier. Both
laboratory prototypes included an alternative
analogue speech channel. In this mode of opera-
tion, the input speech waveform was hard limited
and the resulting analogue pulse width signal
used, instead of the telegraph signal, to switch
the binary microwave phase modulator. At the
receiving modem - base station and Manpack modems
being identical from the final IF stage to
basehand - sufficient carrier energy was present
between speech phonemes to maintain carrier phase
lock and speech was recovered by filtering the

output from the 'data" detector.

Under an RSRE research contract with the Microwave
Division of Ferranti Computer Systems Ltd further
development was undertaken between 1980 and 1987

with the following key objectives:

a) Full 500 MHz frequency tuning on receive

and transmit.
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b) Reduced weight and volume and ergonomic

improvements to the basic Manpack.

c) To demonstrate alternative antennas and

modem enhancements.

Some of the achievements of this programme are
described in references (20}, (29] and [30] and
one of the resulting commercial prototypes is

shown in figure 9.

Course frequency tuning is achieved with a pair of
voltage controlled phase-locked oscillators,
tunable in 100 !iHz steps, and a pair of UHF fre-
quency synthesisers tunable in 10 kHz steps. A
demanding specification on close-to-carrier phase
noise, locking range with temperature, power con-
sumption ana internal EMC is essential to achieve

the required eguipment performance.

A development of the original telegraph modem,
implemented in thick film hybrid circuits, has
enabled a significant volume reduction over the
first RSRE prototypes. The 460 mm, splash plate
fed antenna and the associated lightweight rear
feed, diplexer and filters set a lower limit on
the overall Manpack dimensions while the remaining

microwave, IF, baseband and power supply com-
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ponents currently fit into a 420 mm x 350 mm x 120
mm unit on the rear of the dish. Satellite ac-
guisition is achieved using a built-in in-
clinometer and compass and all subsequent operator
controls are grouped on the top of the equipment

protected under a hinged cover.

The terminal G/T of 2 dBK™! and maximum EIRP of 61
dBm provide sufficient link margin under spot beam
conditions, to support data rates in excess of the
50 bit/s telegraph. Voice freguency (VF) tone
outputs from a range of data devices and speech
vocoders at rates of up to 2.4 kbit/s have been
used over the existing analogue speech channel and
specific 2.4 kbit/s and 16 kbit/s BPSK modems have
also been develcped. For ease of demonstration
these have built as separate modules, powered from
the original Manpack and interfaced at 16 kbit/s
(or 2.4 kbit/s) on transmit and at 74 MHz IF on
receive. The 16 kbit/s variant, shown in figure
10 provides good quality tactical speech at 1link
bit error rates down to 1 in 100 and has also been
used with the portable video codecs described in
section 6 to enable transmission and reception of

slow scan television imagery.

The basic 460 mm diameter rigid antenna provides a
gain in excess of 27 4B over the full 500 MHz of

the receive and transmit bands. To enhance the

28




Manpack antenna gain without detracting from the
portability of the equipment, a 1.2 m diameter
folding, reflective mesh antenna has been

developed3°

which, purely for ease of demonstra-
tion with the prototype Manpack, can be mounted in
front of and concentric with a rigid dish (Fig
11). During stowage, the antenna folds around the
circular front waveguide feed and can be stored in
a 180 mm diameter carrying tube. For a given data
rate, the extra gain provided by this anterna
enables a 6 dB reduction in satellite EIRP on the

Manpack downlink and a corresponding lower Manpack

uplink power; thus prolonging battery life.

Some development work has also been undertaken on
dual polarisation planar array antennas with a
view to determining their suitability for replac-
ing the dish antenna in future Manpack systems31.
Two prototypes have been produced, one 425 mm
square and 15 mm thick, shown in figure 12, and a
smaller 20 dB gain antenna measuring 315 mm x 260
mm. Circular polarisation is achieved through se-
quential rotation on the feed point to each array
element in a group of four and through control of
the electrical 1length of the microstrip feed.

Corporate feed networks behind the array ground

plane have been fabricated from lightweight, 1low
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loss foam dieletric triplate and feed through the
ground plane to each of the groups of four ele-

ments.

Although, at present, an array antenna cannot be
justified over a dish on the grounds of cost or
simplicity the potential for lower volume and the
ability for 1limited electronic counter counter
measures (ECCM) are potential advantages of an ar-
ray or an array-fed antenna over the existing Man-
pack dish. Feeding a sub-group of elements
separately from the main array can enable the for-
mation of a null in the polar diagram and provides
one technique to achieve a low probability of
detection (LPD) for the SGT against a hostile in-

tercept receiver.

The use of spread spectrum techniques provides a
further LPD measure by reducing the spectral power
density at an interceptor. A direct sequence
spread spectrum transmission has been demonstrated
from the prototype Manpack using a separate, low
power code generator similar in size to the data
entry device in figure 9. The complexity of
recovering the original data through correlation
of the received, spread signal with a 1local
replica of the spreading code is confined to the
remote, large SGT where constraints on equipment

size and power are not as severe as at the Man-
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pack. The LPD advantage gained by the Manpack
user over the interceptor is, at best, in the
ratio of the spread bandwidth (a few MHz) to the
original data bandwidth (a few hundred Hz): ie.

the processing gain.

A smaller duplex circularly polarised array an-
tenna than that shown in figure 12 has achieved a
gain of 20 dB over corresponding fractions of the
military satellite receive and transmit frequency
bands and is a candidate antenna for very small
SHF terminals such as that shown in figure 13.
This equipment, developed by RSRE and designated
"Satcase“32, is a 2-frequency simplex SGT, with
self-contained batteries, capable of providing 50
bit/s data communications with a large SGT. The
telegraph modem uses identical hybrid circuit
packages to those in the Manpack and a similar 2 W
solid state power amplifier and 1low noise
amplifier. The lower volume of the "Satcase", in
comparison with the Manpack is achieved through
the absence of waveguide filters, the omission of
a speech channel, extensive use of thick film
hybrid circuits and the use of novel, compact
techniques for IF downconversion and antenna feed-

ing.
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Microwave component developments in both low neoise
MMIC (monolithic microwave integrated circuit)

amplifiers33

such as that shown in figure 14 and
hybrid solid state power amplifiers now enable an
even smaller version of the "Satcase" to be as-
sembled, with virtually identical microwave per-
formance to the equipment in figure 13, with
enhanced dc-rf efficiency and capitalising on

either the printed or folding antenna technologies

outlined above.

Simplex rather than duplex operation of a SGT,
such as the "Satcase", is essential if minimisa-~
tion of size, weight and power consumption are
paramount design objectives, One penality of
simplex operation of a terminal employing a
coherent phase modulation scheme is the time re-
quired to achieve carrier phase lock at the
receiving SGT moder.. The Manpack in figure 9, and
the remote base station modem can take up to 40 s
to acquire a carrier with a freguency uncertainty
of + 6 kHz (due to satellite doppler and worst
case oscillator drift) at a threshold signal to
noise ratio of 27 dBHz. At this signal to noise
ratio the 40 s period is a consequence of the max-
imum sweep rate of the phase locked loop voltage
controlled oscillator and the final locop bandwidth
(300 Hz) in which detection occurs. Clearly such

a delay to ensure the remote SGT modem has ac-~
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quired carrier and data lock, before sending a
message from the small terminal could be both
operationally unacceptable, wasteful in battery
life and increase the probability of intercept.
To maintain the attractive features of simplex
operation it is necessary to eliminate the as-
sociated problem of long carrier acquisition times
at low signal to noise ratios; especially at the
large SGT modem receiving the small terminal

transmission.

A technigque for identifying the fregquency of the
received signal in a 12 kHz bandwidth to within
100 Hz in less than 100 ms at 30 dBHz has been
developed specifically for small terminals 1like
the "Satcase"34, The technique emulates, in
software and hardware, a parallel bank of filters.
The 12 kHz bandwidth signal plus noise is downcon-
verted to baseband, sampled at 24 kHz to a resolu-
tion of 1 bit and the resulting signal applied to
a bank of 128 parallel filters. The build up of
energy in each of the 94 Hz filters is monitored
under microprocessor control and the input signal
freguency estimated from the first filter response
to pass a simple threshold. Final phase locking
is achieved in a novel design of phase locked loop
with a complimentary pull-in range of greater than

100 Hz.
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Significant advances in the technology of SHF Man-
pack equipment have been pioneered by RSRE since
the initial UK development in 1978. The
Australian Advanced Engineering Laboratory in Can-
berra developed an SHF Manpack in the early
1980s3% but the project has not been publicised in
recent years. One consequence of a proliferation
of small Manpack terminals is the requirement to
monitor and manage satellite accesses to maximise
the available power (or bandwidth). Laboratory
schemes have been built and simulated36, which if
embodied at the design phase of future systens,
should have a mimimal overhead in terms of the
very small aperture terminal equipment and which
will provide a means of managing and engineering

circuits from such eguipments.

9. UK PSC 505

The first SHF Manpack SGT to be procured for
operational rather than research use is the UK PSC
50520,37, It is produced by Ferranti Computer
Systems Ltd and based very closely on the
prototype equipment shown in fig 9. Considerable
further development has been necessary to meet en-
vironmental reguirements for ruggedness and tem-
perature extremes and advantage has been taken

during the development to incorporate experience

gained from field trials of the earlier RSRE
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equipment. The communications capability however
is unchanged: either 50 bit/s data from a dedi-
cated data entry device or an analogue channel for
voice or VF tone data terminals. The full PSC 505
system includes the fixed base station eguipment

in addition to the Manpack terminals.

10. UHF Manpack Development

Small aperture UHF Manpack SGTs have been widely
deployed by US Forces within the US FLTSATCOM sys-
tem. Typical of current UHF Manpack egquipments
are the Motorola LST-5B and Cincinnati Electronics
PSc-3 or HST-4A20/38, pBoth equipments are capable
of one-to-one communications via a nominal 25 kHz
FLTSATCOM channel at 16 kbit/s or of 2.4 kbit/s
data or vocoded speech, using a separai= 2.4
kbit/s vocoder, via a 5 kHz channel. Battery
powered and usually employing a 6 dB gain, folding
cross-dipole antenna such equipments can provide
secure speech or data communications from anywhere
within the earth cover satellite antenna

footprint.

When only low data rate telegraph communications
are required, lower power, smaller and lighter
SGTs than either of the above examples become pos-
sible. The development of such equipments, poten-

tially for use in a highly mobile long range
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patrol role, has formed part of the RSRE research

32, Following

programme since the early 1980s
development of three laboratory standard prototype
terminals at RSRE, in which the demodulation and
final IF stages were implemented in thick film
hybrid circuits, a research contract was let with
the Microwave Division of Ferranti Computer Sys-

tems Ltd which resulted in equipments suitable for

field trials?9,

These SGTs, designated UST~1, are simplex 1in
operation and tune in 10 kHz steps (optiocnal 5
kHz) over the UHF receive (240-270 MHz) and trans-
mit (270-310 MHz) frequency bands. A 2 W RF out-
put and noise figure of 3 dB enable a satellite
link margin in the region of 12 dB over the 50
bit/s, BPSK threshold when used in a dedicated 25
kHz channel with the 6 dB gain cross dipole an-
tenna shown in fig 15. The keypad on the UST-1 is
used to enter operating freguencies and test
routines: a separate data entry device is used to
compile and edit messages for transmission and
store received messages. Although technically
feasible to integrate the data terminal with the
UST-1, with no increase in volume, preferred op-
tions for further development of the UST-1 have
provided a range of data terminal interfaces and

operator selection of 75 or 300 bit/s operation.
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The usual technique for sharing a nominal 25 KkHz
UHF channel between a number of users, or nets of
users, is through a time division multiple access
scheme. When a number of low data rate, 1low
bandwidth, users require simultaneous use of a 25
kHz channel, limited frequency division multiple
access is possible. The hard limiting, bandpass
characteristic of the UHF 25 kHz satellite chan-
nels results in simultaneous, frequency separated,
shared channel operation between two signals of
significantly different uplink EiRP, being to the
detriment of the smaller signal39. Depending on
the ratio of uplink EIKPs, the smaller of two sig-
nals can be supressed with respect to the larger
by up to 6 dB at the output of the 1limiting
transponder. Hence although shared channel opera-
tion of the UST-1 is feasible, careful access
planning is necessary to ensure an adegquate link
margin always exists on the circuit to the smaller
SGT. However, the low power, narrow band trans-
mission from the UST-1 enables multiple nets of
UST-1s, each of course with similar uplink EIRP,
to be operated within a single, clear satellite

channel without detriment to any single net.

11. Future Trends
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From the viewpoint of the tactical SGT user the
UHF satellite band offers the advantages of very
small, relatively low cost ground equipment which
is easy to use. For example, since the 1 4B beam-
width of the antenna in fig 15 is approximately 70
deg, antenna pointing is an easy task. A fun-
damental limitation on UHF communications is the
limited bandwidth and limited number of discrete
channels available within the UHF military band.
Even with multiple access schemes, the cost of a
UHF circuit through the satellite is high in com-
parison with the 1larger number of circuits
feasible via the wider bandwidths available at SHF

or EHF.

Particularly relevant to military applications is
the vulnerability of the UHF band to exploitation.
The wide antenna beamwidth renders the associated
SGT uplink vulnerable to terrestrial or airborne
intercept and df (direction finding). Other
satellites in the geostationary arc or low earth
orbiting satellites will also fall within the
radiation pattern of the uplink antenna providing
a potential baseline from which to df the SGT.
Vulnerability to uplink jamming is also an un-
desirable feature of UHF military satcoms. The
hard limiting characteristic of the UHF satellite
channel only requires an uplink jammer to radiate

a few more decibels EIRP than the legitimate chan-
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nel user, to enable the jammer to capture the
majority of satellite downlink EIRP and cause the

legitimate circuit to fail.

One role for UHF in future systems may be to
provide a protected wide area broadcast. A system
can be envisaged in which the weakest features of
UHF are mitigated and the advantages of low cost,
small ground segment hardware perpetuated. A
protected SHF or EHF uplink carrying the broadcast
data could be downconverted, despread and possibly
demodulated on board the satellite and remodulated
onto a UHF downlink. The earth cover downlink
could then be received on similar, receive-only
equipment to that discussed in Section 10. The
only remaining vulnerability of such a system,
which is peculiar to UHF, is the vulnerability of
the receive-only terminal to 1local downlink jam-
ming. Military roles can be envisaged in which
the limitations of UHF will be acceptable, and to
some extent overcome, thus ensuring the continua-
tion of UHF military satcoms for the forseeable
future. However, to releive fregquency congestion
at UHF and to obtain improved ECCM performance it
is equally certain that future military satcoms
systems, and the associated small aperture ter-
minals, will develop predominantly in the SHF and

EHF bands.
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In 1967 the 2 m antenna and 1 KW output of the SHF
tactical SGT in fig 1 were essential to support a
50 bit/s telegraph circuit. By 1983 similar ang
enhanced data rates could be supported by the SHF
Manpack equipment in figs 9 and 10. This dramatic
reduction in size and power output of the ground
segment egquipment has been possible through im-
provements to the satellite G/T and EIRP; partly
as a consequence of higher gain, narrow cover
satellite antennas. Multibeam array antennas,
such as those on DSCS III or high gain mechani-
cally steerable antennas providing spot coverage,
and the ability for on-board changes in the
uplink/downlink connectivity are likely to feature
in future military satellites; driven in part by
the operational requirements of small apterture,
battery powered terminals such as those described

in Section 8.

Antenna developments are also likely to influence
the design of medium sized (1.5 m to 2 m) tactical
SGTs. The ability of an array fed, dual reflector
SHF antenna to scan its main beam over + 6 deg in
azimuth and elevation, with less than 1 4B gain
variation, has been demonstrated through an RSRE
research agreement with University College,

London4°'41.

This degree of electronic beam
steering is sufficient to maintain the satellite

on boresight of the SGT antenna, without manual
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repointing, throughout a typical 24 hour cyclic
satellite movement. The narrower beamwidth of a
similar diameter EHF antenna would render such a
capability essential rather than desirable and an
array-fed single or dual reflector antenna could
be a cost-effective alternative to electro-

mechanical tracking.

Adaptive beamforming algorithms and associated
beamformer hardware for use with array or array-
fed antennas can be expected to find application
with 2 m or smaller terminals. This will enable
the tactical terminal to simultaneously access
more than one satellite or enable the positioning
of nulls in the antenna polar diagram in the
region of downlink jammers or multipath signals41.
Implementation of the algorithm at a microproces-
sor level of cost and complexity and, for a
microwave beamformer, the development of low cost

MMIC or hybrid microwave modules remain challenges

for future system designers.

Continuing developments in SHF and EHF low noise
amplification and power generation will continue
to enahance the reliability and link margins of
future systems. High electron mobility transistor
(HEMT) technology can yield typically a 1 dB im-
provement in the receiver noise figure of SHF

eguipments such as the VSC 501 or PSC 505 and a
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low noise HEMT amplifier, rather than mixer, front
end is likely to feature in 44 GHz spacecraft
receivers well before the end of the century.
Solid state power combined amplifiers at SHF have
been demonstrated at 20 W, and proposed at 60 W,
over 7.9-8.4 GHz. Although their overall dc-rf
efficiency does not compete with a TWTA, in terms
of reliability and lower volume there should be an
improving margin in favour of the solid state

source for tactical ground equipment.

A trend towards EHF for future military satcom
systems will be driven by regquirements for the im-
proved ECCM features available at EHF16,17,42
The EHF uplink band centred on 44.5 GHz, provides
2 GHz of bandwidth over which the uplink can be
hopped; forcing any jammer to similarly spread its
energy. Despreading and filtering the hopped sig-
nal onboard the satellite has the effect of remov-
ing the majority of the jamming signal, enabling
the reconstituted communications signal to be

downlinked, in either spread or unspread mode, at

EHF or SHF or to provide a UHF broadcast.

A lower vulnerability to detection through inter-
cept of the SGT uplink is achieved at EHF than
SHF. For a given antenna diameter the half power
beamwidth of the main antenna lobe is reduced in

the ratio of the uplink frequencies (ie. 44 GHz/8
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GHz) thus reducing the vulnerability to airborne
intercept. The signal received at a terrestrial
interceptor will be reduced by the increased ter-
rain and atmospheric losses at EHF. These will be
to the greater disadvantage of the land-based
receiver, dependent on sidelobe radiation at a de-
gree or so elevation angle, than to the user whose
main beam is unlikely to fall below a 10 deg

elevation angle.

The increased atmostpheric loss at EHF, par-
ticularly during heavy rain will, for a given link
margin, yield a lower overall availability for EHF
than SHF communications%?. For circuits with a
high availability requirement (eg. greater than
95% availability) the concept of dual band
(SHF/EHF) operation is feasible: the SHF fre-
quencies being the first intermediate frequency of
an EHF terminal and the dual band antenna having
separate SHF/EHF feeds and exploiting the

properties of dichroic surfaces?3.

EHF component development is already sufficiently
mature to have resulted in the first commercial
products. Driven by the MILsTAR1? programme in
the US and the Skynet 4 EHF payload in the UK5,
development of solid state and TWTA power sources

at 44 GHz and low noise amplifiers at 20 GHz has
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yielded some of the first critical building blocks
of the next generation of small aperture military

ground terminals.
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Fig 1. IDEX, a 1 kW fixed tune klystron provided
the uplink signal. 1967.

Fig 2. A prototype air transportable SGT. The
right hand equipment rack could be removed
for vehicle installation. 1978.



Fig 3.

Fig 4.

UK TSC 502.

UK VSC 501.
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Fig 5. A slow scan TV image received at a small
aperturs SGT via a 16 kbit/s link at a
1 in 10® bit error rate.

F Fig 6a. A prototype satcom adaptor (left) for an
in-service VHF radio.
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Fig 6b. A vehicle installation of the satcom
adaptor.

"w B E DK
Fig 7. Polariser, diplexer and feed for the

toroidal beam, roof mounted antenna.
Inset, the resulting beam pattern.




(a)

(b)

Fig 8. A "breadboard" model of a low profile,
roof-mounted antenna for 2.4 kbit/s
communications with a moving vehicle.
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Fig 9. A commercial prototype SHF Manpack
providing either 50 bit/s data or an
analogue channel.

Fig 10. A 16 kbit/s modem evaluated as an
additional module to the existing SHF
Manpack.
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Fig 11. A 33 dB gain, folding mesh antenna
using the existing polariser and
splash-plate feed.

Fig 12. A prototype printed array antenna
developed as a potential alternative
to the front-fed Manpack dish antenna.
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Fig 13. The "Satcase", 3 prototype SHF SGT,
typical of the equipment that woulgd

benefit from printed antenna technology.
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o - 78 P
Fig 14. A low noise MMIC satcom amplifier
developed for RSRE by Plessey Research

Caswell. Rear - the LNA used in the
"Satcase",

o,
T




H Fig 15. The UHF UST-1 satcom equipment with a
commercial 6 dBi folding antenna.
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